Abstract: The air-water two phase critical flows through a safety relief valve commonly used in the refrigeration industry is examined with particular emphasis on the prediction of the critical mass flowrates using CFD based approaches. The expansion of the gas through the valve and the associated acceleration is coupled to the liquid phase and results in changes to the velocity slip with the possibility of influencing the choking conditions and the magnitude of the critical mass flows. These conditions are poorly reported in the literature for safety valves. This paper presents a study where the ability of established two phase multi-dimensional modelling approaches to predict such conditions are investigated. Comparison with the simplified mixture model will show that this model tends to underestimate mass flowrates for medium to high liquid mass fraction. However, the two fluid model can adequately account for the thermal and mechanical non equilibrium for these complex flow conditions with the use of simplified droplet sizing rules.
Introduction
In a wide variety of engineering systems such as heat exchangers, power systems, fluid transport systems and chemical plant, safe operation is achieved by the use of safety relief valves to limit excessive pressure levels. The analysis of single phase flows and the determination of mass flows in safety valves is largely understood both experimentally and theoretically with CFD approaches having being successfully applied as shown by Dempster, Lee, and Deans (2006), Schmidt and Egan (2009) and Song et al. (2014) . However, the operation of safety valves under two-phase flow conditions is less well understood particularly when non equilibrium effects due to phase change occur. Here the rapid expansion in the valve often results in liquid flashing or droplet condensation depending on the upstream initial conditions. The resulting mass exchange controls the critical flow conditions which determine the valve flowrate. At present the most widely accepted methods of predicting the relieving capacity of valves under two-phase flow conditions are the algebraic based homogenous equilibrium model (HEM) developed by Leung (1986) Dempster and Elmayyah (2013) , predicted the critical flow condition through a conventional safety relief valve using a simplified CFD mixture model for the multiphase air/water flows. The mixture model was examined by using the commercial code FLUENT 6.3.2. This mixture model assumes that both phases are at mechanical and thermal equilibrium conditions. The study showed good agreement between the CFD results and the experiments up to 40% liquid mass fraction. Interestingly the HEM method of Darby (2004) and the CFD results also matched these conditions. However, an increasing discrepancy of the order of 15% under prediction was evident for larger liquid mass fractions from 40 to 90%. For the larger liquid mass fractions it was surmised that the effects of non-equilibrium increased due to the increase in liquid inertia, leading to an increase in velocity slip and an increase in liquid thermal inertia resulting in poorer mass flow predictions. This paper investigates these issues further by examining the use of an Euler-Euler two fluid model to account for the non-equilibrium effects and investigate the capability of established closure models to predict the valve mass flows.
Safety valve details
A conventional spring loaded safety relief valve commonly used in refrigeration systems was investigated in this study. Figure 1 depicts a cross section of ¼" inlet bore size of the safety relief valve which comprises a movable piston, loaded by a spring to the required relief pressure. The spring load is retained and applied by an adjustable gland. The valve establishes a seal through a piston sealing disk inserted into the piston which sits on the valve seat machined into the valve body, to maintain the system pressure. The operation of the valve is mainly a dynamic process therefore exceeding the set pressure leads to the piston lifting to allow mass to discharge via an available flow area. The piston lift relies essentially on the increasing system pressure which is expected to be limited due to the greater flow discharged. The current work is simplified as quasi static conditions are postulated assuming that pressure waves can be ignored. Thus the flow in the valve is adequately represented by a series of steady state conditions. It is expected that this would be more appropriate for the closing operation of a safety relief valve than the opening phase.
The flow path through the valve is complex and generally multi-dimensional distinguishing it from previous detailed modelling studies of critical flow where simple nozzles have been examined. In this paper the main focus of attention are the flows in the vicinity of the seat and piston since this is where the first occurrence of critical flow occurs and controls the valves mass flowrate. To achieve this, the flow undergoes a series of contractions and expansions in an annular space and can be modelled using two dimensional axi-symmetric assumptions.
Experimental set up and procedures
An experimental flow facility for valve testing under steady state flow conditions was developed to allow independent control of the valve piston position and upstream water injection at various operating upstream air pressure conditions. The rationale was to measure the air flowrates at constant upstream pressure for variations in injected water flowrate. Thus, for each test condition, determined by setting the piston lift, upstream pressure and liquid flowrate, the air mass flow becomes the uncontrolled quantity determined by the circumstances of the two phase interaction with the valve. The water is injected into the flowing air upstream of the valve using a spray nozzle allowing the liquid to mix prior to entering the valve. Downstream of the valve, a separator is used to separate the water and the air. The water collected in the separator also acts as a water supply for the water injection pump. The test rig, Figure 2 , consists of a 100 mm (4 inch) diameter pipe connected to a compressed air system providing air in the pressure range 1-15 barg to the valve. The tested safety valve is connected to the pipe via a brass converging section to adapt to the valve entrance. A liquid injection nozzle is fitted into the converging section to inject the water. The injection nozzle located in the centre of the pipe produces a uniform full cone spray with a low spray angle of 30 o . A PVC T junction with a 50 mm diameter side exit is connected to the valve to direct the two phase mixture to a separator. The T junction could be maintained close to atmospheric pressure. It has a pressure tapping fitted to measure the pressure at the valve outlet. The valve piston is attached to a 250 mm long 6 mm diameter rod which passes through the far end of the PVC tube end and is connected to a lead screw and traverse table allowing the piston position to be adjusted. The piston movement is in the range of 0-5 mm and was measured by a Mitutoyo digital dial indicator with sensitivity of 0.001 mm. The water injection system consists of a positive displacement diaphragm water pump (Hydra Cell D/G-04 series) connected to the injection spray nozzle via a high pressure hose. The pump has a maximum flowrate of 11 l/min and will deliver the flow independently of the downstream pressure up to 100 bar. The pump is driven by an AC motor controlled by a speed controller, which allows adjustment of the water flow rate. Upstream of the injection nozzle, a turbine flow meter (Omega Engineering FTB 1,411) is fitted to facilitate measurement of the water flow rate; it has a flow rate range of 0.4-10 l/ min and has an accuracy of + /-1% of the reading. A bladder accumulator (FlowGuard DS-20) is also connected to the pump outlet to damp the pulsating water flow rate from the pump. The air flowrate was measured using a Sierra Vortex mass flowmeter (Innova mass 240) and accurate to 1% of reading. The upstream pressure and outlet pressure are measured by Bourdon pressure gauges. The range of upstream pressures (1-15 bar) and water flow rates (1-10 l/min) give a working air flow rate from 0.015 to 0.12 kg/s and a water mass fraction range from 0 to 0.9.
Test data presented in this paper was taken at a pressure of 13.7 barg for a liquid flowrate of 0-10 l/min and at a fixed piston lift position of 5 mm, which corresponds to a fully open position of the valve. This allowed a 0-0.8 range of liquid mass fractions to be examined which influences the degree of mechanical and thermal non-equilibrium, i.e. velocity differences and the temperature changes during the expansion process. The temperature of the gas decreases during the expansion process as the fluid accelerates but will be restricted by the heat transfer from the liquid which changes less due its larger thermal inertia. Likewise the increasing amount of liquid requires to be accelerated by the air resulting in an interfacial resistance by the liquid. This effect will increase as the liquid mass flow increases. In this study the increased liquid flow acts as a means to introduce greater non equilibrium and takes the form of an independent variable. The effect of the air flow is thus investigated and becomes the dependent variable.
Modelling approaches 4.1 Two phase models
Two modelling approaches were investigated to address the two phase conditions (i) an Eulerian-Eulerian two fluid model which could address thermal and mechanical 
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The mixture model follows Manninen and Taavassalo (1996) and the equation system (1)- (4) A fully opened safety relief valve geometry with its adjusted gland is presented as a 2D-axisymmetric model with a structured mesh as shown on Figure 3 . The mesh used for all calculations contains approximately 11,350 elements and based on a quadrilateral cell type. On average the mesh density is 8 cells/mm 2 and has been found from Elmayyah (2010) to be sufficiently accurate. The mesh grid is generated based on the curvature advanced size function with a fine relevance centre as well as a fine span angle centre. The generated grid is also examined using the mesh metric methodology of skewness and found to be 0.69 as a maximum value in only 157 elements over the whole flow domain. An investigation into grid independence was carried out where the results from the standard mesh (11,350 cells) were compared with those of a coarser mesh (7,200 cells) and a mesh 5 times more dense with 
Boundary conditions and solution strategy
There are three main zones; the inlet, specified as a pressure-inlet, the outlet specified as a pressure-outlet and the interior-fluid represents the whole domain as an air/water mixture. Other zones are considered as walls. At the inlet-pressure boundary condition, the total pressure of the mixture is specified as 13.7 barg. The gas and liquid temperatures are set at the corresponding experimental values and are generally close to 288 K. The liquid mass fraction has different values (from 0 to 0.8). As the mixture turbulence multiphase model is employed initial guess values of κ and ϵ are set to be 0.1 and 0.2, respectively. The pressure-outlet boundary is set at atmospheric pressure. Also, initial values of κ and ϵ and the volume fraction of the water are to be equal to those of the pressure-inlet zone. The zones representing the walls are considered as stationary walls. The inlet pressure boundary has been used to apply both the inlet air and water conditions. A uniformly distributed two phase flow has been assumed to represent the experimental use of a full cone nozzle droplet spray. Each inlet cell is set to the experimental inlet pressure and a volume fraction established to inject an appropriate amount of liquid corresponding to a test condition. This adequately sets the phase inlet boundary conditions to those in practice but does not directly correspond to the test conditions where a liquid inlet mass flow combined with an air pressure inlet would have intuitively been more representative. Unfortunately, this was found not to give physically correct results and is believed to be a code related issue. With regards to the solution strategy, the solution method used was the steady-state pressure-based solver for segregated iterative procedure of the popular phase coupled SIMPLE method to resolve the pressure-velocity coupling in the flow. A Green-Gauss cell based spatial discretization for the gradient was implemented and a first order upwind spatial discretization for the density, momentum, volume fraction, turbulent kinetic energy, turbulent dissipation rate and energy gradient terms. In addition, the solution is initialized with a zero operation condition by a hybrid initialization method to obtain accurate results, then being controlled by lowering the under-relaxation factors. The energy equation was not solved for the first 1,000 iterations, to ensure initial stability.
Droplet size modelling
The droplets are injected via a spray nozzle that produced a full cone spray at a 30 o spray angle and droplet diameters of the order of 400 μm. The spray was injected into the air flow at the entrance of a converging nozzle with an area contraction ratio of 70 and under typical operating conditions would lead to the acceleration of the air flow from a negligible Mach number to one of 0.6, with velocities reaching 200 m/s. In doing so, we have assumed that injected droplets undergo a series of aerodynamic break up processes which result in a critical Weber number being reached. Kolev (2007) reviews much of the current work in this topic and indicates that the critical Weber number determined from experiments generally fall in the range 5-20. The liquid injected into the converging section could produce relative velocities in the range 50-150 m/s resulting in predicted droplet diameters of the order of 5-40 μm. There is some evidence that this range is consistent with the limited experimental evidence of droplet sizes in sonic nozzles. Lemonnier and Camelo-Cavalcanti (1993) measured droplet sizes at the exit of a converging nozzle for air water flow conditions and showed that sauter mean droplet diameters were in the range of 20-40 μm. Similar studies with steam flow by Alger (1978) have measured droplet sizes in the range 1-10 μm but these sizes may have resulted from thermal break up processes in addition to aerodynamic. To account for this uncertainty we have assumed a single diameter droplet size (ie mono dispersed) at the inlet of the valve and obtained multiple solutions for a range of droplet diameters. For the reference case we have assumed a 10 μm diameter and investigated the effect of droplet sizes between 5 and 35 μm. It was found that 1 μm would match homogenous conditions.
Results
Figure 5 compares both the mixture and two fluid model predictions against the experimental data. The models assume a droplet size of 10 microns is applicable. Figure 5 indicates that both mixture and two fluid approaches both predict the general trends correctly. The mixture model correctly predicts the mass flows within 5% for liquid mass fractions less than 0.4 but for greater mass fractions errors can be as high as 15% and suggest that the non-equilibrium effects are important and need to be accounted for. The predictions of the two fluid model can be seen to be satisfactory over the range of liquid mass fractions examined and generally predict the air mass flow rate within 5%.
Noting that the assumption here is for a mono dispersed droplet flow, the droplet size is one of the most uncertain parameters in the application of the model. Therefore, predictions for a range of droplet sizes have been carried out and are shown on Figure 6 . This figure shows the effect of using droplet sizes from 5-35 microns and indicates an increasing influence as the liquid fraction increases, leading to an increase in the air flowrate as the droplet size is increased. However for this range of droplet sizes the predictions of air flowrates vary only by a maximum of 8%. The experimental values for the air flowrates fall within the range of flowrates. Thus for an estimated droplet size based on a critical weber number of We = 12 reasonable predictions of mass flow can be achieved.
Further verification can be achieved by examining the predicted Weber numbers. Figure 7 shows the predictions of Mach number from the Euler-Euler model at a liquid mass fraction of 13% and indicate that the critical flow location occurs at the end of the channel between the piston and valve body. This is the choking location for all flow conditions. Figure 8 shows the predicted Weber numbers in this location for the 10 micron diameter case and for liquid fractions of 13% and 70%. The figure shows that Weber numbers generally lie in the 10-20 range confirming the initial assumptions and the droplet diameters investigated. 
Conclusions
A CFD based study has been carried out to examine the capability of predicting critical flows in a safety valve exposed to a two component (air/water) two phase flow. 
